We compared the spatio-temporal tuning of perception to the mechanisms that drive saccadic eye movements. Detection thresholds were measured for Gabor-targets presented left or right of Wxation (4 or 8 deg eccentricity), at one of four spatial frequencies (1, 2, 4 or 8 cpd) oscillating at one of three temporal frequencies (1, 8 or 16 Hz). We then measured saccade latency to each target presented at various multiples of detection threshold. Consistent with previous research, latency decreased as a function of contrast. However, at equal detection performance, we found no systematic diVerence in saccadic latency and no diVerence in average oculometric performance (% correct saccade direction) across the diVerent target spatio-temporal frequencies. Furthermore, position error remained fairly constant across all conditions. The results are consistent with the idea that the spatio-temporal signals used for perception are the same as those used by the mechanisms driving saccadic eye movements.
Introduction
The patterns of light that enter our eyes during everyday vision are Wlled with spatio-temporal variation. Because of factors related to both the optics of the eye (Williams, Brainard, McMahon, & Navarro, 1994) and the brain, contrast sensitivity varies as a function of spatio-temporal frequency (e.g., Kelly, 1979) and retinal eccentricity (e.g., Rovamo, Virsu, & Nasanen, 1978; Wright & Johnston, 1983) . The spatio-temporal tuning of neurons at diVerent levels of visual processing is well established (e.g., De Valois, Albrecht, & Thorell, 1982; Derrington & Lennie, 1984; Merigan & Maunsell, 1993) . However, much less is known about the nature of the visual signals driving the motor system. In terms of saccades, the superior colliculus (SC) and frontal eye Welds (FEF) depend on inputs from visual areas that convey selectivity for features like orientation and color, since visually responsive neurons in the SC and FEF are not believed to be selective for visual features (Bruce & Goldberg, 1985; Robinson & McClurkin, 1989) . The question this paper addresses is to what degree do the visuosaccadic and perceptual systems use the same spatio-temporal signals.
The delay between the appearance of a peripheral target and the onset of a saccade (saccade latency) represents the sum of the visuomotor processes underlying the movement (Findlay & Gilchrist, 2003) . Along these lines, saccade latency has been modeled as a decision signal that rises to some response threshold (LATER Model, Carpenter, 1988) , at a rate that is inXuenced by both goal-driven (prior expectations) and stimulus-driven (accumulation of sensory information) factors, the latter of which is the focus here.
Saccade latency has been of considerable interest for several reasons: It can reXect underlying neuronal latencies, and can be indicative of diVerent mechanisms driving the movements (e.g., "express saccades" as revealed by a bimodal latency distribution, see Fischer & Ramsperger, 1984) . Latencies have also been used to examine the inXuence of distractors (Trappenberg, Dorris, Munoz, & Klein, 2001; Walker, Deubel, Schneider, & Findlay, 1997; Weber & Fischer, 1994; White, Gegenfurtner, & Kerzel, 2005) , and the competition between stimulus-driven ("bottom-up") and goal-driven ("top-down") control (Ludwig & Gilchrist, 2002) . Furthermore, latencies can be used to investigate the sensitivity of the oculomotor system to various target properties such as contrast (Doma & Hallett, 1988) , retinal eccentricity (Kalesnykas & Hallett, 1994) , and spatial frequency (SF) (Ludwig, Gilchrist, & McSorley, 2004) . For example, Ludwig et al. (2004) reported that, at any given multiple of contrast threshold, targets of low spatial frequency (1-2 cpd) triggered saccades with somewhat shorter latencies than targets of high spatial frequency (8-16 cpd) . Earlier studies also reported longer manual reaction times to foveally presented gratings of higher relative to lower spatial frequency (Breitmeyer, 1975; Lupp, Hauske, & Wolf, 1976) .
One diYculty in interpreting latency diVerences between stimuli of diVerent spatial frequency is that contrast sensitivity is not constant across spatial frequency and eccentricity (Rovamo et al., 1978; Wright & Johnston, 1983) , and that saccadic latency is highly sensitive to diVerences in contrast (Doma & Hallett, 1988) . If stimuli are not carefully controlled in terms of detection performance, it is diYcult to rule out the contribution of contrast. Furthermore, at threshold, saccade latencies are unavoidably noisy, so it is essential to perform a detailed analysis around detection threshold.
Only one study (Ludwig et al., 2004) examined the inXuence of spatial frequency on saccadic latency. In this study the authors did not present targets speciWcally at threshold, but Wt a Piéron function (Pins & Bonnet, 1996) to each observer's raw latency data plotted as a function of contrast/contrast threshold (i.e., multiples of threshold). While the higher SF targets showed some deviation (elevation) from the function for two observers, Ludwig and colleagues noted that the data for the third observer in fact converged quite well into a single function (r 2 D 0.79 to 0.86 for individual target locations). Furthermore, it is quite remarkable that little diVerence was seen for spatial frequencies below 8 cpd for either observer. This suggests that, to a large degree, the spatio-temporal tuning for perception is the same for the mechanisms driving saccadic eye movements.
The aim of the current study was to test whether the mechanisms driving saccades do rely on the same spatiotemporal signals as perception, by (1) performing a more detailed examination around detection threshold, (2) by using a greater number of observers than in the Ludwig et al. (2004) study, and (3) by examining targets along the temporal frequency (TF) domain as well, since both spatial and temporal frequency selectivity are important attributes of primate and human visual systems (De Valois et al., 1982; Derrington & Lennie, 1984; Foster, Gaska, Nagler, & Pollen, 1985) . Furthermore, the transient versus sustained nature of the magno-versus parvo-cellular pathways has been a common explanation for diVerences in response latency (Breitmeyer, 1975; Legge, 1978; Murray & Plainis, 2003; Schwartz, 1992) . Neurons in the magno-cellular layers of the LGN respond better to rapidly Xickering low spatial frequency targets, whereas neurons in parvo-cellular layers can respond better to low temporal frequencies, and can resolve much higher spatial frequencies (Derrington & Lennie, 1984; Merigan & Maunsell, 1993) . It was therefore in our interest to investigate both spatial and temporal target properties.
Thus, our predictions are as follows: If the mechanisms driving saccades do rely on the same spatio-temporal signals as perception, the pattern of saccadic latencies should reXect perceptual sensitivity. That is, at equal detection performance, latencies should be the same regardless of spatio-temporal frequency. Alternatively, if the systems rely on the output of diVerent visual mechanisms, we should observe some systematic variation in latency as a function of spatio-temporal frequency. In addition, we measured saccadic position error. While position error is believed to be independent of latency (Becker & Jurgens, 1979; Findlay & Walker, 1999) , a tradeoV may occur when targets are more diYcult to detect (CoeVe & O'Regan, 1987) , making it pertinent to the current study. We primarily wanted to ensure that accuracy was held constant when making a comparison between latencies. Finally, we also computed oculometric-and psychometric-performance (proportion correct saccade direction versus psychophysical detection) at threshold as a means of comparing the degree to which the systems use the same visual spatio-temporal signals for decision processes. A similar method has been used to compare saccadic-and perceptual-performance during visual search (Beutter, Eckstein, & Stone, 2003) , the results of which support the idea that both systems use similar visual processing mechanisms for detection. If saccadic and perceptual decisions rely on the same spatio-temporal signals, oculometric and psychometric performance at threshold should not diVer.
Methods

Observers
One of the authors plus Wve additional naïve observers took part in Experiment 1, and three additional observers took part in Experiment 2. All observers had normal or corrected to normal visual acuity. Observers ranged in age from 20 to 36 years of age. All observers received informed consent before participating, and all experiments followed the ethical guidelines of the Declaration of Helsinki.
Equipment
Stimuli were displayed on a 21 in. CRT monitor (ELO Touchsystems) driven by an ASUS V8170 GeForce 4 MX440 graphics board at a noninterlaced refresh rate of 100 Hz. The resolution of the monitor was set at 1280 £ 1024 pixels, which corresponded to physical dimensions of 37 cm wide by 29.6 cm high. At a viewing distance of 47 cm, the display occupied a retinal area of 45 deg horizontally and 36 deg vertically. Eye-movements were measured using EyeLink II (video-based tracker from SR Research Ltd., Mississauga, Ontario) at a sample rate of 250 Hz.
Stimuli
The target was a vertically oriented Gabor patch (SD D 0.7 deg), presented at one of four spatial frequencies (1, 2, 4 or 8 cpd), and oscillating at one of three temporal frequencies (1, 8 or 16 Hz). Targets appeared left or right of center at an eccentricity of 4 deg in Experiment 1, and 4 or 8 deg in Experiment 2. The central Wxation stimulus was a black spot approximately 0.2 deg in diameter. Targets were presented on a neutral gray background with a luminance of 32 cd/m 2 . Because temporal frequency involves the modulation of contrast over time, targets of diVerent temporal frequencies may become visible at diVerent times (e.g., a 16 Hz target will reach peak contrast sooner than a 1 Hz target). This is an obvious diYculty when trying to compare latencies between targets of diVerent temporal frequency. We dealt with this in two ways: for the primary experiment (Experiment 1), targets were onset at their maximum point of modulation for a given contrast, and the temporal oscillation continued from there for 500 ms. This produced an abrupt onset for all targets, which could drive transient mechanisms (Legge, 1978; Murray & Plainis, 2003) , and possibly overshadow subtle diVerences from the target's actual temporal characteristics. A Fourier analysis revealed that only the 1 Hz target showed a signiWcant amount of residual energy, but it was spread out over a large range of frequencies, with most of the energy around 1-2 Hz. A second experiment (Experiment 2) was run where we ramped the onset of the 8 and 16 Hz targets with the sinusoidal temporal contrast function of the 1 Hz target. Here, target duration was 1000 ms to deal with the fact that targets would become visible at a later time. At a monitor refresh of 100 Hz, the 1 Hz target lasted the duration of one complete cycle, and reached maximum contrast after 25 frames (250 ms), or one quarter of the entire cycle. The Wrst quarter of the 8 and 16 Hz targets was multiplied with the Wrst quarter of the 1 Hz sinusoid. So in essence, the 8 and 16 Hz targets retained their primary Xicker frequency throughout the entire period. The only diVerence was their onset was essentially windowed by the 1 Hz contrast modulation. In this way, the time to reach maximum contrast was the same for all targets, 250 ms after initial onset. Analysis of the Fourier energy along the temporal domain showed negligible 1 Hz residual energy for the 8 and 16 Hz targets.
Typically saccade targets are presented with an abrupt onset. Given that response latencies have been attributed to the transient versus sustained nature of the magno-versus parvo-cellular pathways (Breitmeyer, 1975; Legge, 1978; Murray & Plainis, 2003; Schwartz, 1992) , it was in our interest to perform tests using both abrupt and slower onset targets.
Procedure 2.4.1. Thresholds
We used a staircase procedure to determine contrast threshold for each of the 12 targets (4 SFs £ 3 TFs) in a 2-alternative forced choice (2AFC) procedure for Experiment 1 (left versus right), and a 4AFC in Experiment 2 (left-near, left-far, right-near, and right-far). Two staircases per stimulus were initiated, one at a log unit below the starting value, and one at a log unit above. Starting values were set relatively low such that stimuli were just visible. The staircase followed a 3-up 1-down rule yielding the 79% detection threshold (see Macmillan & Creelman, 1991) : three correct responses in a row resulted in a contrast decrease of 1 log unit, and one incorrect response resulted in a contrast increase of 1 log unit. The threshold of each stimulus was the mean of eight reversal points (four for each staircase).
Note that eye movements were controlled using the Eyelink II tracker, and the head was stabilized by a chin rest. Calibrations were made before each block of trials (approximately every 50-100 trials), and consisted of Wxating 9 consecutive bull's-eye stimuli at various locations on the screen. Average spatial accuracy for each calibration was maintained at 0.35 deg or better.
The Wxation stimulus was present before the trial was initiated. Observers had to Wxate this stimulus, and then initiate the trial when they were ready by pressing a key on a game-pad. This allowed for a drift correction procedure at the start of each trial. In the event that observers were not Wxating accurately (within 1 deg), an error-tone was presented, and the trial had to be reinitiated. If a saccade of greater than 1 degree was made during a trial, a visual and auditory warning was presented, and the trial was aborted with no change in the status of the staircase. This ensured that the resulting thresholds were not confounded by periodically Wxating the target. This was aided by the presence of the Wxation stimulus throughout the duration of a trial. The target was onset randomly between 800 and 1200 ms after a trial was initiated, and appeared left or right of Wxation at an eccentricity of 4 deg in Experiment 1, and 4 or 8 deg in Experiment 2. The target remained present for 500 ms in Experiment 1, and 1000 ms in Experiment 2. All trials were randomly interleaved. Observers simply made a 2AFC (Experiment 1, left, right) or a 4AFC (Experiment 2, leftnear, left-far, right-near, and right-far) as to the location of the target.
Eye movements
Once we determined thresholds, each stimulus was presented at various multiples of this during a separate session (0.8, 1, 2, 3, 4 or 10 £ threshold and 100% contrast in Experiment 1, and 1, 1.1, 2, 4 £ threshold and 100% in Experiment 2). Note that due to the inherent noise at threshold, observations from the two lowest contrasts (0.8 and 1 £ threshold for Experiment 1, and 1 and 1.1 £ thresh. for Experiment 2) were later pooled to increase the reliability of the mean at this level of visibility.
Observers were simply requested to make an eye movement to the center of the target when it appeared, and that both speed and accuracy are equally important. The stimulus presentation was identical to the threshold procedure above except that the Wxation stimulus was removed at the same time the target was onset. As with the threshold procedure, after each trial, observers made a psychometric decision as to the location of the target by pressing the appropriate key. Eye position and event data were recorded, and all analyses were done oZine.
Analysis
Saccadic latency was used as the primary indicator of the sensitivity of the saccadic system to diVerent spatio-temporal frequencies. Latency was the time (in ms) between target onset and the onset of the Wrst saccade. Saccades were detected by the EyeLink-II system at a velocity threshold of 30 deg/s or an acceleration threshold of 8000 deg/s 2 . We also computed position error which was the Euclidean distance (unsigned) between the end point of the Wrst saccade and the target center in degrees. We primarily wanted to ensure that position error was held constant when making a comparison between latencies. Furthermore, at low contrasts, if position error is large, it suggests that the saccade may not have been driven by the target (but might instead be a voluntary guess). We tried to rule out the contribution of such trials by computing latencies only for trials where position error was less than 2 deg. The same criterion was used by Ludwig and colleagues (2004) . Finally, we also measured the proportion of correct saccade directions (oculometric performance) at psychophysical detection threshold to determine the degree to which saccadic and perceptual decisions rely on the same visual signals (i.e., with regard to spatial and temporal frequency). As mentioned earlier, Beutter and colleagues (2003) used a similar method to compare saccadic-and perceptual performance during visual search, and argued that both systems use similar mechanisms for visual detection. For our purposes, this method simply provided and additional dimension for comparing both systems.
Observers completed approximately 1500 trials each in Experiment 1, and 1000 trials each in Experiment 2, with the exception of observers LP and NB in Experiment 1, and observer SO in Experiment 2 who completed just over 500 trials each. No outlier procedure was used, but we considered saccades with latencies less than 80 ms as anticipatory responses (see Wenban-Smith & Findlay, 1991) . Trials with saccadic direction errors were also removed from the accuracy and latency analyses. With errors removed, the mean of each target condition consisted of 10-30 observations per observer (with the exception of observers LP, NB and SO who had somewhat fewer on some target conditions). Table 1 shows the proportion of saccades and error trials at detection threshold. For brevity, the table shows threshold trials only since this is where most errors occurred. At detection threshold, the proportion of trials in which observers did not make a saccade was less than 25%, with the exception of observers MS and NB. This does not necessarily mean that detection performance was worse for these observers, but that their criterion for making a saccadic response may have been rather high. Note that the proportion of saccade direction errors (saccades in opposite direction to target) was computed from only those trials in which a saccade occurred because the number of direction errors out of the total trials would overestimate performance for those who made less saccades (especially observers MS and NB). To make detection performance comparable to this, it was also computed from saccade trials only. As such, direction and detection performance were quite similar (as seen in Table 1) , and close to the predicted threshold performance based on the staircase rule (79%, see Section 2). Furthermore, a correlation between saccade direction errors and detection errors over trials was highly signiWcant for each observer, D 0.45 to 0.77, p < .001 in all cases. Note that except for observers NB and SW, the proportion of inaccurate trials was low. Most removed trials were due to direction or detection errors at threshold. The last column represents the total proportion of saccade trials used at threshold (errors and inaccurate trials removed). Fig. 1 shows the mean proportion of saccadic direction versus detection errors at threshold, as a function of target temporal frequency (left plot), and spatial frequency (right plot). The mean was around 25-30% (i.e., 70-75% correct) across all temporal and spatial frequencies, with only slightly higher direction versus detection errors overall, which may be due to the fact that saccades necessarily involve a speeded response, possibly making them more prone to direction errors. A 2 £ 3 (error-type £ temporal frequency) and 2 £ 4 (error-type £ spatial frequency) repeated measures ANOVA did reveal a small eVect of error-type only (F (1, 5) D 9.8, p < .05, and F(1,5) D 9.7, p < .05, respectively). However, F was less than 1 for all remaining eVects, which means that oculometric-and psychometric-performance did not diVer across spatial or temporal frequency. This supports the idea that saccadic and perceptual decisions rely on the same visual spatio-temporal signals.
Experiment 1
Results and discussion
Proportion of errors
Accuracy
As mentioned earlier, an accuracy-latency tradeoV may occur when targets are diYcult to detect (CoeVe & O'Regan, 1987) . This analysis was performed to ensure there was no such tradeoV. A 2 £ 3 £ 4 (2 contrasts £ 3 Table 1 Proportion of saccades, errors and used trials at detection threshold (Experiment 1)
The proportion of direction and detection errors was computed from trials with saccades only (Wrst column). The proportion correct represents the saccade trials with no direction or detection errors, and the proportion used represents the correct trials (fourth column) that satisWed the inaccuracy/ anticipatory criterion (see Section 2).
Observer
Proportion TFs £ 4 SFs) repeated measures ANOVA was run on the data to test whether any diVerences exist between spatial or temporal frequency. We chose only the two lowest contrasts (threshold and twice threshold) because multiples of threshold greater than this were not possible for all observers on all targets, especially in terms of the high spatial frequencies. 1 If diVerences do exist, they should be more easily detected near threshold. The ANOVA revealed a small eVect of SF (F (3, 15) D 4.6, p D .017) and a SF £ contrast interaction (F (3, 15) D 4.4, p D .021). No other eVects were signiWcant (p > 0.3 for all remaining tests). The eVect of SF was due to slightly higher error for 1 cpd targets (0.51 deg) relative to 2 cpd targets (0.44 deg), p < .05, but no other diVerences were signiWcant with a Bonferroni correction. In short, there was little diVerence in saccadic error across targets of diVerent spatio-temporal frequency. Fig. 2 shows saccadic latency as a function of contrast for three representative observers. Fig. 2A is plotted for comparison between spatial frequencies within a given temporal frequency, and Fig. 2B is for comparison between temporal frequencies within a given spatial frequency. The Wrst thing to note is the predicted steady decrease in latency as a function of contrast. Second, consistent with the Ludwig et al. (2004) study, at a given contrast, latencies were longer at consecutively higher spatial frequencies ( Fig. 2A) . This was similar for the highest temporal frequency 1 Because of limitations in the maximum contrast possible on CRT monitors, contrasts of more than 2£ threshold were not always possible for all observers on all targets, especially in terms of the high spatial frequencies. Fig. 2 . Saccadic latency as a function contrast (log) for three representative observers (Experiment 1), plotted for comparison between spatial frequencies within a given temporal frequency (A), and between temporal frequencies within a given spatial frequency (B). Errorbars omitted for clarity. (Fig. 2B ), but overall there was considerably more overlap between temporal frequencies. The results were similar for the other observers. Fig. 3 shows the mean saccade latency of the six observers, plotted for comparison between spatial frequencies (top), and between temporal frequencies (bottom). As can be seen, latencies showed a steady decrease as a function of multiples of contrast threshold, but diVerences between spatial and temporal frequencies were much less evident here.
Latency
We ran a 2 £ 3 £ 4 (2 contrasts £ 3 TFs £ 4 SFs) repeated measures ANOVA on the latency data. As with saccadic error, we chose only the two lowest contrasts (threshold and twice threshold) for the ANOVA because multiples of threshold greater than this were not possible for all observers on all targets. Furthermore, if any diVerences exist, they should be most detectable near threshold. The ANOVA revealed a strong eVect of contrast (F (1,5) D 54, p D .001), and a TF £ SF interaction (F (6,30) D 3.1, p D .017). No other eVects were statistically signiWcant. The eVect of contrast was reasonably clear from the plots, but the interaction was diYcult to interpret. Table 2 shows the mean latencies (plus SEs) across SF for each TF. We ran a repeated measures ANOVA across SF for each TF, and across TF for each SF while correcting for multiple comparisons. The only signiWcant diVerence found was across TF for the 2 cpd targets (p D .021 with Bonferroni correction), with slightly longer latencies at higher TFs (283, 315, and 347 ms, for the 1, 8, and 16 Hz targets, respectively). No other signiWcant diVerences were found (p > .25 for all remaining tests).
Thus, at equal detection performance, the results showed little systematic diVerence in saccade latency as a function of spatial or temporal frequency. While the main eVect of temporal frequency was consistent in one direction (longer latencies at successively higher TFs), it was true only for the 2 cpd targets, and no other such consistencies were observed. The lack of an eVect of SF here disagrees with the results of the Ludwig et al. (2004) study. In fact, for our latency data, F was less than 1 for both the main eVect of SF and the SF £ contrast interaction. It is possible that diVerences exist at SFs greater than 8 cpd, but the eVect appeared about the same for 8 or 16 cpd targets in the Ludwig et al. study. More importantly, our data showed no indication of a systematic ordering of latencies from low to high spatial frequency as was reported in the Ludwig et al. (2004) study. This would be important for the idea that latency increases as a function of spatial frequency. This was not the case here. In short, the results of Experiment 1 suggest that, to a large degree, the mechanisms controlling saccadic eye movements have access to the same spatio-temporal signals used for perception. It is possible however that the lack of a consistent eVect of TF was due to the transient target onset across all conditions. Experiment 2 was designed to test this possibility.
Experiment 2
The abrupt onset of the target in Experiment 1 did produce residual high temporal frequency energy, especially in terms of the 1 Hz targets. This may have masked Fig. 3 . Mean saccadic latency (6 observers) as a function of multiples of contrast threshold (Experiment 1), plotted for comparison between spatial frequencies within a given temporal frequency (top), and between temporal frequencies within a given spatial frequency (bottom). Errorbars represent §1 standard error. (29) any diVerences due to the target's actual temporal frequency characteristics. Using an abrupt onset was the simplest way of dealing with the fact that targets of diVerent temporal frequencies reach peak contrast at diVerent times, making latency comparisons diYcult. Here, we ramped the onset of the 8 and 16 Hz targets with the sinusoidal contrast function of the 1 Hz target (see Section 2). In addition, we used two target eccentricities (4 or 8 deg) to reduce the predictability of the target's position. Table 3 shows the proportion of saccades and error trials at detection threshold for Experiment 2. For brevity, the table shows threshold trials only since this is where most errors occurred. At detection threshold, the proportion of no-saccade trials was less than 10%. As with Experiment 1, direction and detection performance were similar, but slightly higher then the predicted threshold performance based on the staircase rule (79%, see Section 2). This may be due to the extended target duration, or the fact that we pooled data from threshold and 1.1£ threshold in this case. The proportion of inaccurate trials was on average slightly higher here (M D 0.18) than in Experiment 1 (M D 0.15). Fig. 4 shows the mean proportion of saccadic direction versus detection errors at threshold, as a function of target temporal frequency (left plot), and spatial frequency (right plot). The mean was around 10-15% (i.e., 85-90% correct) across temporal and spatial frequencies. A 2 £ 3 (errortype £ temporal frequency) and 2 £ 4 (error-type £ spatial frequency) repeated measures ANOVA revealed no signiWcant diVerences (p > .25 for all eVects). The lack of an eVect of error-type may be due to the fact that saccadic performance was necessarily computed as a binary response (left versus right), whereas psychophysical performance was a 4AFC procedure (left-near, left-far, right-near, and rightfar). Nonetheless, most importantly there was no indication of a diVerence across spatial or temporal frequency within either response-type. In other words, there was no bias towards a particular spatial or temporal frequency. This again supports our claim that the saccadic and perceptual systems rely on the same spatio-temporal signals.
Results and discussion
Proportion of errors
Accuracy
As with Experiment 1, this analysis was performed to ensure there was no accuracy-latency tradeoV. We ran tests separately for each target eccentricity to include as many threshold multiples as possible. A 2 £ 3 £ 4 (2 contrasts £ 3 TFs £ 4 SFs) repeated measures ANOVA was run on the targets at 4 deg eccentricity. The ANOVA revealed an eVect of contrast only (F (1, 3) D 26.1, p D .015), with slightly higher saccadic error at threshold (0.7 deg) than at the higher contrast (0.59 deg). No other eVects at this eccentricity were signiWcant (p > .15 for all remaining tests). For the outermost targets, it was only possible to test all SFs and TFs at detection threshold (see Footnote 1). However, none of the eVects were signiWcant (F < 1 for the main eVect of Table 3 Proportion of saccades, errors and used trials at detection threshold (Experiment 2)
The proportion of direction and detection errors was computed from trials with saccades only (Wrst column). The proportion correct represents the saccade trials with no direction or detection errors, and the proportion used represents the correct trials (fourth column) that satisWed the accuracy/anticipatory criterion (see Section 2).
Observer
Proportion Fig. 4 . Mean proportion of saccade direction errors and detection errors at threshold as a function of temporal frequency (left) and spatial frequency (right) (Experiment 2).
TF; F (3, 9) D 1.2, p D .34 for the main eVect of SF; F (6, 18) D 1.1, p D .38 for the TF £ SF interaction). We were able to run another test including two threshold multiples, but only with 2 TFs and 4 SFs (2 £ 2 £ 4). Again, only the eVect of contrast was signiWcant (F (1, 3) D 13.5, p D .035), showing slightly higher saccadic error at threshold (0.89 deg) than at the higher contrast (0.78 deg). In most cases, F was less than 1 (e.g., for the main eVect of TF, SF, TF £ SF, TF £ contrast, and TF £ SF £ contrast). Thus, as with Experiment 1, position error remained fairly constant across target spatio-temporal frequency. Fig. 5 shows saccadic latency as a function of contrast for two representative observers. Fig. 5A is plotted for comparison between SFs within a given TF, and Fig. 5B for Fig. 5 . Saccadic latency as a function contrast (log) for two representative observers (Experiment 2), at two target eccentricities (4 or 8 deg), plotted for comparison between spatial frequencies within a given temporal frequency (A), and between temporal frequencies within a given spatial frequency (B). Errorbars omitted for clarity.
Latency
comparison between TFs within a given SF. Latencies were overall much longer here due to the ramped target onset (see Section 2), but the pattern was similar to Experiment 1 in that we see a steady decrease in latency as a function of contrast. The pattern in terms of TF (Fig. 5B) was somewhat diVerent from before: Fig. 5B shows considerable overlap between 1 and 8 Hz targets at lower SFs (which is similar to the pattern in Experiment 1; see Fig. 2B ), but there is an increasing separation between the TFs at increasing SFs in Experiment 2 (Fig. 5B) that is not so obvious in Experiment 1 (Fig. 2B) . If we consider a Wxed contrast at low TF (Fig. 5A) , latencies are somewhat longer for higher SF targets, but this diVerence appears to increase at higher TFs, and with greater target eccentricity (the lines separate more than in Fig. 2A, Experiment 1) . This is in fact what we would expect based on the spatio-temporal contrast sensitivity function (Kelly, 1984) : spatial contrast sensitivity tends to be band-pass at low TFs and low-pass at high TFs. This means that we are better able to resolve fast Xickering low SF patterns then slow Xickering high SF patterns, and this diVerence should be more pronounced further in the periphery due its greater sensitivity to Xicker (Baker & Braddick, 1985) , and poorer sensitivity to high SF. The data in Experiment 2 are consistent with this.
However, the question is to what extent this diVerence holds at points of equal detection performance. Fig. 6 shows the mean saccadic latency across threshold multiples for the four observers, plotted for comparison between SFs (top two), and between TFs (bottom two), at each target eccentricity. As with accuracy, latencies were noisier at higher threshold multiples, especially for the higher SFs (4 and 8 cpd) at the outermost eccentricity, because some of these points represent data from as few as one observer Fig. 6 . Mean saccade latency (4 observers) as a function of multiples of contrast threshold (Experiment 2), plotted for comparison between spatial frequencies within a given temporal frequency for each target eccentricity (top two sets of panels), and between temporal frequencies within a given spatial frequency (bottom two sets of panels). Errorbars represent §1 standard error.
(Footnote 1). However, at equal detection performance (i.e., near threshold), there appears to be little if any diVerence.
We ran tests separately for each target eccentricity in order to include as many threshold multiples as possible while ensuring that each condition contained data from all four observers (since most missing cases were for targets at the outermost eccentricity at the highest SF; Footnote 1). We were able to run a 2 £ 3 £ 4 (2 contrasts £ 3 TFs £ 4 SFs) repeated measures ANOVA on the targets at 4 deg eccentricity. The ANOVA revealed a main eVect of SF (F (3, 9) D 6.9, p D .01), and contrast (F (1, 3) The main eVect of contrast showed an expected longer latency at threshold (622 ms) than twice threshold (445 ms). However, for the SF main eVect, Bonferroni adjusted comparisons between the speciWc SFs (537, 521, 562, and 513 ms for the 1, 2, 4, and 8 cpd targets respectively) did not reach statistical signiWcance (p > .09 for all comparisons). In addition, the interactions showed no obvious systematic diVerences. Table 4 shows the mean saccade latency (and SEs) for both interactions that reached statistical signiWcance. We ran a repeated measures ANOVA at both contrasts (1 and 2 £ thresh) across TF (Table 4A) , and then across SF (Table 4B) , while correcting for multiple comparisons. Only the eVect of SF at threshold was signiWcant (F (3, 9) D 9.1, p < .05), and was due to slightly longer latency for 4 cpd targets (662 ms) relative to 8 cpd targets (574 ms). Note that this is in fact in the opposite direction to the eVect reported by Ludwig and colleagues (2004) . In their study, latencies were in fact elevated for SFs > D 8 cpd.
For targets at 8 deg eccentricity, it was only possible to test all SFs and TFs at detection threshold (multiples greater than this were not possible for all targets; see Footnote 1). However, none of the eVects were signiWcant (p > .15 for all eVects). We were able to run another test including two threshold multiples, but with only 2 TFs and 4 SFs (2 £ 2 £ 4). Again, there was an expected eVect of contrast (F (1, 3) D 231, p < .001). The only other eVect to reach statistical signiWcance was TF (F (1, 3) D 12.7, p D .04), and was due to slightly longer latencies for 8 Hz (557 ms) than 1 Hz (516 ms) targets.
To reinforce these results, a more stringent test was run at threshold with a single observer using only two SFs (1 and 8 cpd), two TFs (1 and 16 Hz), and one target eccentricity (8 deg). For the staircase, threshold was taken as the mean of 8 reversals (versus 4 previously). We obtained 100 trials per stimulus condition at only one contrast, detection threshold. If saccadic latency is in fact longer for high SFs (Ludwig et al., 2004) , it should be detectable here. Fig. 7 shows the results. On the left is saccade latency, and on the right is saccade error, with the percentage of correct saccade directions next to each mean value. Again, there was no indication of longer latencies for high SF targets here.
General discussion
We can conclude from these experiments that perceptual and saccadic performance was remarkably similar: once targets were presented at near equal detection performance, we found little systematic diVerence in saccade latency and no diVerence in average oculometric performance (% correct saccade direction) across a range of spatial and temporal frequencies. Furthermore, saccadic position error remained fairly constant across all conditions. The only reliable eVect was due to contrast. The pattern of latencies as a function of contrast (see Figs. 2 and 5 ) was what we would expect based on the spatio-temporal contrast sensi- tivity function (Kelly, 1984) . In short, sensitivity falls at higher SFs, which is reXected in the pattern of latencies as a function of contrast (Figs. 2 and 5) but this diVerence begins to disappear when we control for contrast sensitivity by performing tests at multiples of threshold (Figs. 3 and 6 ). Taken together, the results support the idea that the mechanisms driving saccades rely on the same visual spatio-temporal signals as perception. It is possible that latency diVerences exist at spatial frequencies higher than was used in the current study (8 cpd). The Ludwig et al. (2004) study used spatial frequencies up to 16 cpd, and they reported a systematic ordering of latencies from medium to high spatial frequencies. However, our setup did not permit an adequate sampling of 16 cpd targets. By our accounts, this was also a problem in the Ludwig et al. study (approximately 2 pixels per cycle at 16 cpd, which is fairly close to a square-wave pattern). Furthermore, we did not Wnd any indication of a systematic ordering of latencies for spatial frequencies up to 8 cpd, so it seems doubtful that we would have found a diVerence at 16 cpd. However, further tests using a more detailed sampling resolution for spatial frequencies beyond 8 cpd might be useful.
The use of temporal frequency was also an important aspect of this study, and arguably it has been understudied in terms of saccades. It has been suggested that diVerences in response latencies due to stimuli with diVerent spatiotemporal properties can be attributed to the transient versus sustained nature of the magno-versus parvo-cellular pathways, respectively (Breitmeyer, 1975; Legge, 1978; Murray & Plainis, 2003; Schwartz, 1992) . Neurons in the magno-cellular layers of the LGN respond better to rapidly Xickering low spatial frequency targets, whereas neurons in parvo-cellular layers can respond better to low temporal frequencies, and can resolve much higher spatial frequencies (Derrington & Lennie, 1984; Merigan & Maunsell, 1993) . However, the conduction time from the optic chiasm to the LGN is only about 3-4 ms slower for the P-layers relative to the M-layers (Schiller & Malpeli, 1978) , and the diVerence is only slightly larger in terms of visual response latency, with reports from 7-10 ms (Maunsell et al., 1999; Maunsell & Gibson, 1992) . For behavioral diVerences to match this would require that visual stimuli uniquely isolate each pathway. It seems unlikely then that stimuli believed to isolate these channels would produce a behaviorally signiWcant diVerence. We used both abrupt-onset targets (Experiment 1) and slow-onset targets (Experiment 2) of diVerent temporal frequencies, but the results showed no clear consistent eVect to support this idea. In fact, at equal detection performance, there was no diVerence across temporal frequency for every spatial frequency except 2 cpd, where the eVect was actually opposite to the prediction based on the fast M-path versus the slower P-path (i.e., latencies were slightly longer for successively higher TFs).
One might argue that the few diVerences we did Wnd (or arguably the lack of any diVerences) were due to less than perfect thresholds. The staircase method is a quick means of obtaining the threshold for many stimuli simultaneously, but plotting a psychometric function may be a more accurate approach. Unfortunately, it was not possible to adequately Wt a psychometric function to our data (which is often the case for data obtained from a staircase). The alternative is to use a constant stimuli procedure, but the tradeoV is time due to the greater amount of data required to Wt a reasonable function. This might be worth exploring with fewer target spatio-temporal frequencies.
In contrast to our results, there has been considerable support for the idea that the visual signals driving perception are distinct from the visual signals used to guide actions (e.g., Goodale & Milner, 1992; Goodale & Westwood, 2004) . Part of the support comes from patients with lesions in areas believed to be primarily responsible for motor behavior (socalled "dorsal" areas) versus visual perception (so-called "ventral" areas). For example, patients with lesions in dorsal areas have shown deWcits in reaching and grasping certain objects, while their perception of such objects is presumably unaVected (Perenin & Vighetto, 1988) . Conversely, patients with ventral lesions have shown perceptual deWcits while motor behavior is presumably spared (so-called visual form agnosia ; Milner et al., 1991) . Since this initial hypothesis however, there has been growing evidence suggesting a high degree of interaction between dorsal and ventral areas, and a much higher level visual representation in the dorsal stream. For example, several studies have reported eVects of visual illusions on reaching and grasping behavior (e.g., de Grave, Franz, Gegenfurtner, BulthoV, & Fahle, 2000; Glover & Dixon, 2001 , 2002 . In addition, studies are beginning to suggest that the motor system can use pure chromatic signals to guide rapid pointing behavior Schmidt, 2002) . Furthermore, there is some evidence for color selectivity in dorsal area LIP (lateral intraparietal area) when color is relevant for the task, in this case a saccade task (Toth & Assad, 2002) . Along these lines, the results of the current study support the idea that dorsal areas in the control of saccadic eye movements have access to the same spatio-temporal signals as perception.
